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Edited by Gianni CesareniAbstract We report the identiﬁcation of a novel two-component
system in Mycobacterium tuberculosis. We show that the puta-
tive histidine kinase with the genomic locus tag Rv3220c is able
to self-phosphorylate in the presence of Mg2+/ATP and subse-
quently transfer the phosphoryl group to a novel response regu-
lator PdtaR. This creates a biochemical link between the two
proteins and establishes a newly identiﬁed two component sys-
tem, which acts at the level of transcriptional antitermination.
We also suggest that this system has potential for the develop-
ment of lead compounds for inhibition of phosphotransfer.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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A prototypical two-component system consists of a sensor
histidine kinase (HK) and a response regulator (RR). The
HK reacts to an external or internal stimulus, speciﬁc to
the particular two-component system. The stimulus, can be,
for example, nitrogen assimilation [1], or phosphate starva-
tion [2]. These stimuli will cause the HK to autophosphory-
late a conserved histidine residue, with the c-phosphate of a
bound ATP from the ATP-binding domain within the HK,
forming a highly reactive phosphoamidate bond. The cognate
RR catalyzes the phosphoryl transfer to a conserved aspar-
tate within its own receiver domain. The two-component sys-
tems normally organize as pairs on the genome with the RR
and HK following to each other in the transcription direc-
tion. In Mycobacterium tuberculosis (MtB) 11 such complete
pairs have been identiﬁed. This is rather low when compared
with Escherichia coli or Bacillus subtilis which have more than
30 two-component systems. The reason for the low number
of two-component systems present in MtB is probably related
to the presence of a serine/threonine kinase family of signal-
ing systems that resemble those used by eukaryotes [3]. In
MtB, there are isolated postulated open reading frames that
could, based on sequence comparisons, be one or other com-
ponent of a two-component system. Five of these are proba-Abbreviations: MtB, Mycobacterium tuberculosis; PdtaR, phosphory-
lation dependent transcriptional antitermination regulators; RR, res-
ponse regulator; HK, sensor histidine kinase
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determined a high resolution crystal structure [4] of one of
these response regulators (a phosphorylation dependent tran-
scriptional antitermination regulator, PdtaR; genomic locus
Rv1626). The structure shows high structural similarity in
both domains to a known antitermination factor AmiR, from
Pseudomonas auriginosa [5]. Unlike AmiR, which is regulated
by its chaperone protein AmiC through a steric hinderance
mechanism [6], PdtaR has an N-terminal (receiver) domain
with an intact phosphorylation site. PdtaR was subsequently
identiﬁed as the ﬁrst member of a new class of proteins
termed phosphorylation dependent transcriptional antiter-
mination regulators (PdtaR). In this paper, we conﬁrm that
PdtaR is activated by phosphorylation by identifying the cog-
nate HK, Rv3220c. We have used bioinformatic tools to
identify the putative HK and have veriﬁed this by demon-
strating speciﬁc phospho-transfer between PdtaR and
Rv3220c, which we name PdtaS.
2. Materials and methods
The cloning, expression and puriﬁcation of PdtaR has been de-
scribed previously [4].
2.1. Cloning and expression of Rv3220c
The PCR was performed with DNA polymerase pfu-turbo (Strata-
gene) using the primers
5 0CATGCCATGGTATCCACACTCGGTGATCTGC3 0
5 0ATGCTCGAGATTACAGCATCAACCGTCCCC3 0
PCR ampliﬁcation required an annealing temperature of 65 C
with addition of 4% DMSO. Cloning was performed with the Zero
BluntTOPOPCR cloning kit (Invitrogen) and sub-cloning into
pETM-11 (EMBL) was performed with the rapid ligation kit (Amer-
sham Biosciences). Both pCR-Blunt-II TOPO and pETM-11 vec-
tors containing the insert were veriﬁed by sequencing. Expression
was carried out in E. coli BL21(DE3)RP cells (Stratagene). A 5 ml
o/n culture was used to inoculate 1.0 l Luria-Bertani medium. When
the optical density reached OD600 = 0.6, the media was cooled to
16 C and induced with IPTG (1 mM) and left over night (o/n).
The cells were spun down at 5000 rpm for 30 min and stored at
80 C.
2.2. Puriﬁcation of Rv3220c
2–3 g wet weight cells were lysed in buﬀer A (50.0 mM HEPES,
pH 8.0, 50 mM KCl, 7 mM 2-mercaptoethanol, 1.0 mg/ml DNAse
I, and 1 protease inhibitor tablet (Roche)) using a French Press.
The lysate was ﬁltered through a 22 lm ﬁlter and applied to a
5 ml Ni-NTA column equilibrated in buﬀer B (50.0 mM HEPES,
pH 8.0, 50 mM KCl, and 7 mM 2-mercaptoethanol). A 100 ml gra-
dient from buﬀer B to C (50.0 mM HEPES, pH 8.0, 50 mM KCl,
7 mM 2-mercaptoethanol, and 500 mM imidazole) was performed.
Rv3220c eluted from the column at 100–150 mM imidazole. The
fractions were concentrated to a maximum of 2–3 mg/ml. PdtaS
was very sensitive to concentrations above 3 mg/ml. During concen-
tration the buﬀer was changed to buﬀer D (20 mM HEPES, pH 8.0,
50 mM KCl, and 2.0 mM DTT).blished by Elsevier B.V. All rights reserved.
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Self-phosphorylation assays of Rv3220c, as well as the phospho-
transfer between Rv3220c and the putative response regulator PdtaR
and other RRs of MtB (PrrA;Rv0903c, NarL;Rv0844 and
RegX3;Rv0491) were performed. In addition, we investigated the abil-
ity of another HK (PrrB; Rv0902c) to phosphorylate PdtaR.
For self phosphorylation the HKs Rv3220c and PrrBHCD (indicat-
ing an N-terminal deletion construct of PrrB containing just the
HAMP, HisKA and HATPase domains) were diluted to 0.2 ug/ml.
The HKs were mixed with 100 lCi ATP and 0.1 mM ATP (cold) in
buﬀer E (40 mM Tris–HCl, pH 8.0, 40 mM KCl, 8 mM MgCl2, and
8% glycerol) and left at 30 C for 5 min for self phosphorylation. At
this point 2 ll of PdtaR at 10 mg/ml, or 5 ll of NarL at 4 mg/ml, or
4 ll of PrrA at 6 mg/ml or 2 ll of RegX3 at 13 mg/ml were added.
Upon mixing at t = 0 and t = 2, 5 and 10 min, 20 ml of the reaction
mixture was removed and the reaction terminated by adding 4· SDS
loading buﬀer (Novagen). Following SDS–PAGE on a 12.5% gel,
the gel was stained with Coomassie blue. After drying, gels were ex-
posed for one hour to a phosphoimaging screen (Fuji FLA-2000) for
identiﬁcation of radioactive bands.Fig. 1. The ﬁgure shows three SDS–PAGE gels and their correspond-
ing radiograms. Each SDS gel illustrates two experiments. Each
experiment has been given a letter (A)–(F); the number 1 refers to the
SDS–PAGE and the number 2 to corresponding radiogram. The
experiment is described in Section 2. At the top of each panel, the time
(t) in minutes indicates when the reaction was terminated. A1/2: The
HK is Rv3220c (top band) and the RR is PdtaR (lower band). B1/2:
No HK was added only the RR 1626 is present: C1/2 The HK is
PrrBHCD(top band) and the RR is PdtaR (lower band). D1/2: The HK
is Rv3220c (top band) and the RR is NarL (lower band). E1/2: The
HK is Rv3220c (top band) and the RR is RegX3 (lower band). F1/2:
The HK is Rv3220c (top band) and the RR is PrrA (lower band).3. Results
Since no biochemical data are available for PdtaR or any of
its close orthologs, we took advantage of the vast number of
available bioinformatic tools to identify the putative cognate
HK. The program STRING [7] makes a total genomic com-
parison from a current database of 179 species. When using
PdtaR as query it suggests one putative HK (Rv3220c) as a
possible protein interaction partner based on gene co-occur-
rence and neighborhood of PdtaR orthologs. To check the
likelihood that Rv3220c is the cognate HK for PdtaR a man-
ual search was performed to investigate the signiﬁcance of the
STRING output value. A bioinformatics study, considering
only the sequenced mycobacterial genomes, had already estab-
lished that in addition to four complete two-component sys-
tems, both PdtaR and Rv3220c are present in all
mycobacterial species sequenced to date [8]. By performing a
PHI and PSI-BLAST search with three iterations through
the NCBI web server (http://www.ncbi.nlm.nih.gov/BLAST)
using Rv3220c as the query sequence, we found likely ortho-
logs of Rv3220c in the Actinobacteria, Fusobacterium, Chlo-
roﬂexus and Firmicutes phylums. These are the same
phylums where we previously found orthologs of PdtaR [4].
A sequence alignment on these HKs was performed ensuring
that no pairwise sequence alignments with a sequence identity
greater than 70% were used (to avoid redundancy). These se-
quences are identiﬁable by the highly conserved motifs in the
dimerization and phosphoacceptor domains. The PFAM ser-
ver [9] annotates these as a sub-family of histidine kinases,
abbreviated HisKA_2 based on a thorough bioinformatics
study [10]. A speciﬁc domain search using the PFAM server
shows that the HisKA_2 domain is found in 147 proteins from
both Archea and Eubacteria, all with the same domain organi-
zation in the C-terminus, namely a HisKA_2 followed by a
HATPase domain, but with variations in domain organization
in the N-terminus. For the Rv3220c orthologs found in
Actinobacteria, Fusobacterium, Chloroﬂexus and Firmicutes
only one copy is present in the genomes as is also the case
for the PdtaR orthologs. The N-terminus is not annotated
for orthologs of Rv3220c except for Cac2720 from Clostridium
acetobutylicum where the SMART server suggests the presence
of the ubiquitous GAF and PAS domains. Both domain types
are often found associated with HisKA and HATPase domainsand are often involved in signal sensing. The E-values of the
prediction for GAF, PAS, HisKA_2 and HATPase domains
were 2.1, 2.6, 3.90e-32 and 2.10e-05, respectively. In order to
provide further evidence, a secondary structure prediction of
all the aligned sequences was performed and matched to the se-
quence alignment (see the supplementary material). This
clearly shows that all the aligned sequences have the same do-
main topology and that a GAF and PAS domain organization
at the N-terminus would ﬁt this secondary structure proﬁle.
We also note that for all PdtaR orthologs coming from the
actinobacteria phylum there is always a tRNALeu reading
frame upstream of the ORF. By visual inspection of the gene
neighborhoods of the PdtaR orthologs using the web server
(http://img.jgi.doe.gov,) it was evident that the neighborhood
between the tRNALeu and the PdtaR orthologs was similar
for all sequenced actinobacterial genomes. In the genomes of
Mycobacterium paratuberculosis andMycobacterium tuberculo-
sis CDC 1551 there is no annotation of the tRNALeu , but it is
easily identiﬁed by manual inspection of the genomic DNA se-
quence. The anticodon is CAA in all cases.
To conﬁrm our belief that Rv3220c is the cognate HK for
the PDTAR response regulator, PdtaR, we performed in vitro
phosphorylation assays. These show that Rv3320c can auto-
phosphorylate in a magnesium dependent fashion, and can,
once activated, phosphorylate PdtaR (Fig. 1). In order to show
the speciﬁcity of the HK for its cognate RR we used three
other identiﬁed RRs from MtB, namely PrrA, RegX3 and
NarL and showed that Rv3320c was unable to phosphorylate
them. As a further control we showed that a constitutively
Table 1
Overview of phosphoryl transfer experiments shown in Fig. 1
Experiment Factors Phosphoryl transfer
A1/2 PdtaR + Rv3220c Yes
B1/2 PdtaR No
C1/2 PrrBHCD + PdtaR No
D1/2 Rv3220c + NarL No
E1/2 Rv3220c + RegX3 No
F1/2 Rv3220c + PrrA No
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to phosphorylate PdtaR (Fig. 1).
An overview of the results (Fig. 1) is summarized in Table 1.
Only phosphoryl transfer between PdtaR and Rv3220c was
observed. The radiograms show a clear selfphosphorylation
reaction taking place for both Rv3220c and PrrBHCD. Optimi-
zation of the self phosphorylation was initially performed to
estimate how much protein was needed to detect a clear signal.4. Discussion
On the basis the secondary structure prediction [11] and the
domain prediction performed by the SMART server [12], it is
reasonable to hypothesize that Rv3220c is a four domain pro-
tein with the domain organization GAF-PAS-HisKA-HAT-
Pase. The domain prediction servers are generally very
reliable and the domain predictions are becoming stronger
with the increasing number of new structures which are being
submitted to the PDB. The C-terminal domains, HisKA and
HATPase, clearly deﬁne Rv3220c as a member of the sensor
histidine kinase family. The sensor domains in the N-terminus,
however most likely hold the key to the function, which is the
stimulus that activates the HK. Other PAS domains have been
shown to bind a variety of cofactors. In FixL it binds a heme
group [13], in Phy3, a plant photo-receptor, it binds ﬂavin
mononucleotide (FMN) [14] and in photo-active yellow pro-
tein (PyP) it binds para-coumaric acid [15]. An investigation
of this domain may allow something to be deduced about
the function of the protein. The GAF domain is generally less
well characterized than PAS domains, but could also bind a
co-factor. The 3,5 -cyclic-GMP phosphodiesterase from mouse
contains GAF domains which bind cyclic guanosine mono-
phosphate (cGMP) [16]. The GAF domain is believed to be in-
volved in the dimerization of this phosphodiesterase.
Relatively large amounts of Rv3220c were used in order to
detect the phosphoryl transfer. In comparable phoshorylation
experiments using Ser/Thr or Tyr kinases much less protein is
needed and in most cases it cannot be detected by SDS–PAGE.
In our case a relatively large amount of protein was needed to
detect that both Rv3220c and PdtaR were phosphorylated. In
general the phoshorylated species of the His-Asp relay systems
have been reported to have short lifetimes and, consequently,
one plausible reason why we do not observe stronger phos-
phorylation might be because dephosphoshorylation has taken
place before we were able to detect it. We do not know the acti-
vation conditions for Rv3220c/PdtaR phosphotransfer and
consequently the conditions used in our experiments are most
likely not optimal. We expect that addition of the correct indu-
cer to the reaction mix would increase the rate and amount of
phoshotransfer between Rv3220c and PdtaR.We speculate that the presence of the tRNALeu in the gene
neighborhood of PdtaR is signiﬁcant because it is known that
tRNA in other systems plays a crucial role in the antitermina-
tion event and can even have an antitermination activity of its
own [17]. In the already established two-component systems in
MtB all HKs but one (DevS; genomic locus tag Rv3132c) have
predicted transmembrane helices and are assumed to be mem-
brane anchored. This membrane association, coupled with the
implicit assumption that the eﬀector is external to the cell, ob-
structs the biochemical characterization of these systems.
Rv3220c is not apparently membrane associated and is soluble
in standard buﬀers, making the PdtaR-Rv3220c system suit-
able for both biochemical characterization and as a model sys-
tem for inhibitor screening. In our in vitro reaction experiment
we have shown that a phosphoryl group is covalently attached
to both RR and HK, so by monitoring the intensity of incor-
porated 32P, it would be possible to ﬁnd small molecules that
would either enhance or inhibit the phosphoryl transfer.
Based on the evidence presented in this paper, which adds
one more two-component system to the existing 11 identiﬁed
in MtB, we propose to name the sensor histidine kinase
Rv3220c a phosphorylation dependent transcriptional antiter-
mination sensor (PdtaS).
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